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Letter to the Editor

ROLE OF BLACK CARBON IN THE PARTITIONING AND BIOAVAILABILITY OF ORGANIC POLLUTANTS
To the Editor:
Over the last 40 years, our understanding of the fate and bioavailability of hydrophobic organic compounds (HOCs) such as PAHs and PCBs in the aquatic environment has improved significantly. In the beginning, it was recognized that HOCs associated primarily with natural organic matter in sediments [1] . This led ultimately to the development of environmental modeling based on the physical-chemical concept of fugacity and quantitative equilibrium partitioning theory [2] [3] [4] [5] . These early models were based on a two-phase system (Fig. 1a) in which HOCs are distributed at equilibrium between the dissolved and particulate phases. Mechanistically, HOCs, like PAHs, were thought to be absorbed into the particulate organic carbon (POC) coating of inorganic particles. The POC was viewed as consisting of an amorphous, hydrophobic, and natural form of carbon resulting from the digenesis of living biomass [6] . The relationship between concentrations of PAHs (i.e., [PAH] ) in the POC and dissolved phases was described as linear ( Fig. 1a) : 
where K POC is the POC normalized partition coefficient and f POC is the fraction of POC. In this model, the dissolved phase PAHs are the most readily bioavailable, although both phases contribute to the organism's overall exposure [5] . Although the emphasis of this quantification of bioavailability was based on measuring interstitial water concentrations of PAHs (i.e., the dissolved phase), these efforts really were simply attempting to characterize chemical activity.
It was soon realized that a third phase existed in the aquatic environment [7] (Fig. 1b) that bridged the gap between the POC phase with its hydrophobic affinity for associating with HOCs and the more polar, soluble, and dynamic nature of the dissolved phase. In geochemical terms, it can be described as ''any constituent that provides a molecular milieu into and onto which chemicals can escape from the aqueous solution'' [8] . This third phase is composed primarily of organic carbon and is known in the literature as colloidal and nonsettling particles and dissolved organic carbon [9, 10] . Consequently, this colloidal organic carbon (COC) interacts with HOCs in a way similar to particles. However, because of the small size of COC, sorbed HOCs are very readily transported throughout aquatic systems. The three-phase model is expressed as
where K P3 is the three-phase partition coefficient, f COC is the aqueous fraction of COCs, and K COC is the COC normalized partition coefficient. The relationship between concentrations of PAHs in the POC, the dissolved phase, and the COC is described as linear (Fig. 1b) with K COC values approximately one order of magnitude less than the K POC values [11] . This is explained by the more polar and consequently less hydrophobic nature of the COC. The presence of colloids results in lower dissolved concentrations (i.e., chemical activities) of PAHs, and, in fact, PAHs associated with the colloidal phase are less bioavailable than dissolved PAHs [12] . Since the early 1980s, evidence has been mounting, particularly from field data and especially for PAHs, of more than one particulate phase in the aquatic environment [13] (Fig.  1c) . In some studies, PAH partitioning did not follow the predictions based on equilibrium partitioning using a two-phase model. By the mid-1990s, this new particulate phase was thought to be composed of soot or black carbon (BC) formed during the incomplete combustion of fossil fuels and biomass [14] . This phase, unlike the amorphous carbon visualized in the earlier two-phase model, was a condensed form of carbon much like coal or graphite that was thought to interact with the PAHs via surface adsorption, rather than absorption [14] . As the appreciation of the importance of BC grew over the last decade, the existence of two prevalent carbon domains in sediments named glassy and rubbery carbon were proposed [6, 15] . The glassy carbon (GC) domain is similar in behavior to the BC phase: it is like naturally formed keragen, a condensed phase functioning primarily through adsorption of PAHs and other HOCs. The second domain, rubbery carbon (RC), resembles the type of natural amorphous carbon described in the original two-phase model. These two additional phases with their mixture of absorption and adsorption mechanisms for sorption helped to explain the nonlinear relationship between dissolved and particulate concentrations of PAHs (Fig. 1c) . They also supported the observed fast and slow kinetics noted with HOC desorption [16] . Research over the last two decades has demonstrated the abundance of BC in aquatic environments globally (e.g., [17] ).
Currently, several multiple-phase models describe the complex partitioning of PAHs. For example, Bucheli and Gustafsson's [18] and Accardi-Dey and Gschwend's [19] BC model,
where K PM is the multiple-phase partition coefficient, K BC is the BC normalized partition coefficient, f BC is the concentration of BC, and n is the Freundlich exponent capturing the nonlinear sorption behavior. Weber et al. [15] and Huang et al. [6] discuss multiple domain models in detail. The significance of these other particulate phases in sediments on the bioavailability of PAHs is not yet fully understood. However, in the limited number of studies thus far performed, the presence of BC is suspected to have reduced the bioavailability of PAHs (e.g., [20] ). The effects on bioavailability of the glassy and rubbery domains are less well understood, but it may be hypothesized by analogy that GC greatly reduces PAH bioavailability, as BC does, whereas RC affects PAH bioavailability much like amorphous organic carbon. The papers in this special section of Environmental Toxicology and Chemistry discuss several aspects of the continuing evolution of our understanding of the partitioning and bioavailability of HOCs in the aquatic environment. This discussion emphasizes the importance of soot or BC in the environmental behavior of HOCs, especially PAHs, and is based on presentations from a session entitled Role of Soot in the Partitioning and Bioavailability of Organic Pollutants held at the annual meeting of the Society of Environmental Toxicology and Chemistry in Salt Lake City, UT, in November 2002. The papers investigate the effects of BC on the partitioning of HOCs in sediments and discuss the impacts of BC on the bioavailability of these contaminants to benthic organisms. Although the focus of this special section is PAHs, there is growing evidence that the observations discussed here and elsewhere are likely true for a selection of other HOCs found in the environment.
As our ability to understand the fate of HOCs in the environment has increased, so has our realization and appreciation of the complexity of the environment. This is best illustrated by the evolution of complex multiple-phase models from the initial simple two-phase models. Although these newer models have helped us to better understand and predict the partitioning and bioavailability of HOCs, the costs and complexities have also increased-along with some of the uncertainties. In the future, we must continue developing these models and improving their predictive capabilities while carefully considering if the actual degree of complexity in any particular application is warranted. In some scenarios, a two-phase model may generate perfectly acceptable predictions for the questions being asked; conversely, in other scenarios a multiple-phase model may be necessary to achieve the level of accuracy required.
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